Abstract If nutrient removal is to be obtained in ponds treating sewage, the pH must be raised so that ammonia can desorb and phosphates can precipitate. In this paper it is shown that the pH increase in ponds can be predicted quantitatively from simple stoichiometry, taking into consideration physical and biological carbon dioxide removal, ammonia stripping and calcium carbonate precipitation. Biological CO 2 removal by photosynthesis is identified as the main process to effect pH increase in ponds. The rate of pH increase and consequently the required retention time depend on the net rate of CO 2 consumption, the extent of ammonium stripping, the characteristics of the influent (alkalinity and pH) as well as factors concerning the environment (temperature) and dimensions (depth) of the pond. A high pH (range 9 to 10) can be obtained in about 5 days if digested sewage is used (low organic material concentration), climate conditions are favourable and the pond is shallow (< 0.5 m deep).
Introduction
Nutrient removal in polishing ponds treating digested sewage in regions with a warm climate can be achieved if the pH in the pond is high (Cavalcanti et al., 2001) . A high pH can be obtained by photosynthetic CO 2 removal, which is possible if the organic load is low. This in turn requires efficient pre-treatment for example by anaerobic digestion in regions with a hot climate, using efficient systems like the UASB reactor (Van Haandel and Lettinga, 1993) . Additional CO 2 removal may occur due to CO 2 desorption (stripping), as the UASB effluent (initially in equilibrium with biogas) becomes supersaturated with CO 2 when it is discharged into a polishing pond and thus placed in contact with the air. The pH is not only affected by biological and physical CO 2 removal. At high pH ammonia nitrogen is present predominantly in the unionised NH 3 form and will tend to desorb from the liquid phase. Ammonia stripping is equivalent to removal of a strong base or the addition of strong acid and therefore leads to reduction of alkalinity and addition of acidity. At the same time the higher pH may also create a situation of super saturation of CaCO 3 , though calcium carbonate precipitation is only observed when the pH is very high (>9.5).
In this paper the influence of the above mentioned processes on the ionic equilibrium and hence on the pH value is discussed. A graphical method is presented to estimate the pH change in polishing ponds as a function of the development of these processes and the composition of the pond influent. Experimental data show that the graphical method gives a close prediction of the experimentally observed pH changes. The method can also be used to estimate the required retention time to effect any particular pH change that may be required, provided the influencing factors are known: photosynthetic oxygen production rate and characteristics of digested sewage, principally ammonium concentration, alkalinity and pH.
Ionic equilibrium of the carbonic system in waters Van Haandel and Lettinga (1993) have shown that the pH value in sewage treatment plants is determined almost entirely by the carbonic system. The carbonic system in water can be determined by measuring two out of three parameters: pH, alkalinity and acidity. Normally the first two are measured because their experimental determination is simpler and more accurate. The fact that alkalinity, acidity and pH are interlinked can be seen from the definitions (Loewenthal and Marais, 1976) :
The alkalinity and acidity can be linked together from the definition of these parameters (Eqs (1) and (2)). By eliminating the carbonic species and hydroxide, using the dissociation equations one has (Deffeyes, 1956) :
Eq. (4) shows there is a linear relationship between alkalinity and acidity for any particular value of pH. In Figure 1 the relationship of Eq. (4) is shown plotted for different values of pH. The intersection point of two measured values of acidity, alkalinity or pH determines the so-called ionic equilibrium point. Reactions developing in a treatment system and affecting alkalinity and/or acidity will result in a change of the position of the ionic equilibrium point.The diagram of Figure 1 is called after Deffeyes (1956) , who first noted the relationship between the three parameters. The diagram is very useful to evaluate pH changes in the case of alkalinity and acidity changes and hence the effect on pH of the different processes occurring in polishing ponds.
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Figure 1 Deffeyes diagram for 25°C (pK 1 = 6.33; pK 2 = 10.33)
Reactions in treatment plant affecting alkalinity and/or acidity
In waste treatment plants several processes occur which influence the value of pH. In polishing ponds the most important processes are: (1) CO 2 removal, biologically (when photosynthesis predominates over production by bacteria) or by desorption; (2) NH 3 stripping, which is equivalent to adding a strong acid; and (3) CaCO 3 precipitation. The effect of these processes on alkalinity and acidity and hence on the pH can be evaluated directly from the reaction equations and the definitions of Eqs (1) and (2). Table 1 shows numerical values. The changes of alkalinity and acidity can be attributed to CO 2 and NH 3 removal and may be expressed as:
DAlk = alkalinity change in the pond to effect a particular pH increase (meq/L); DAc = acidity change to effect a particular pH increase (meq/L); DN = change of the ammonia concentration in the pond (mgl/l); DCa = change of the calcium concentration in the pond due to precipitation (mg/L); DCO 2strip = magnitude of carbon dioxide desorption, (mmol/L); DDO = net production of dissolved oxygen DO, due to photosynthesesis (mg/L). If the terms of Eqs (5) and (6) can be determined the alkalinity and acidity changes can be determined and the corresponding pH change can be read off in the Deffeyes diagram (Figure 1 ).
Results and discussion
An experimental investigation was carried out to establish if pH changes observed in polishing ponds can be predicted by taking into consideration the stoichiometry of processes that have an identifiable influence on the ionic equilibrium. The experiments were carried out at pilot scale, using ponds operated in batch mode. These ponds were filled with the contents of a flow-through pond operating at a depth of 0.60 m and a retention time of 1.6 days and receiving the effluent of a UASB reactor operating at a retention time of 5 hours, treating raw municipal sewage. The retention time of 1.6 days was sufficient to maintain an algae population as shown by the presence of chlorophyll a (in the range of 400-800 µg/l) and absence of sulphide, though oxygen was low and only measurable in the top layer during daytime.
The experimental investigation had three main goals: (1) to estimate the extent of CO 2 desorption from ponds with a supersaturated CO 2 concentration; (2) to verify if the pH change calculated from the stoichiometric model (Eqs (5) and (6) was able to predict the actual acidity and alkalinity changes and hence pH change observed in the ponds; and (3) to evaluate the influence of the pond depth on the change of pH.
In order to evaluate the influence of depth on pH, a series of three batch ponds with three different depths were operated: 0.40, 0.60 and 0.80 m, having volumes of 30, 70 and 160 L. These depths were chosen because it had been established before that for ponds with depths > 0.8 m pH changed only slightly, within a period of 1 month. Due to the low organic load and high transparency of influent of these ponds, the DO concentration tended to rise P.F.F. Cavalcanti et al.
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Table 1 Effect of different processes on alkalinity and acidity in polishing ponds and hence on the pH
quickly in the shallow units. In order to be able to evaluate the production of DO and the consequential CO 2 consumption, sodium sulphite was added several times per day to reduce the DO concentration, each time it attained a value significantly exceeding the saturation concentration. However, care was taken to have enough DO by the end of the day (about 6 mg/L) to maintain an aerobic environment throughout the night. A second series of three ponds, with equal depths, was operated in parallel, under identical conditions but the oxygen concentration was not reduced. The second series of ponds was operated only to show that the addition of sodium sulphite did not effect the change of pH in the pond, which indeed was confirmed by the results. It is important to note that in all ponds the oxygen production rate was very much higher than the absorption rate of atmospheric oxygen. This was shown by independent tests of the maximum absorption rate using desoxygenated water. In the experimental ponds the absorption rate was extremely low because the DO concentration was kept high (around the saturation value).
For each of the six batch ponds all variables that affect the pH, as well as pH itself were measured as a function of time several times per day. It was established that in the ponds the changes in Ca 2+ concentration were minimal so that only the CO 2 and NH 3 removal were evaluated. Before tests gentle mixing was applied to homogenise the contents of the pond. Without the mixing there was a slight stratification of variables over the pond depth since photosynthesis developed more intensively at the water surface.
In the series of ponds where the rate of DO production was measured it was possible to compare the observed values of alkalinity and acidity changes (the latter being calculated from observed alkalinity and pH changes) with calculated values based on stoichiometry (Eqs (5) and (6)). The extent of CO 2 desorption from the ponds was estimated as the difference between the acidity change attributable to the sum of biological CO 2 removal NH 3 desorption and the "observed" acidity change. Table 2a shows the experimental data necessary to make the calculations for pond with 0.40 m. The "observed" acidity change (∆Ac, column 9) was calculated from the Deffeyes equation (Eq. (4)) with the aid of the experimental values of pH (column 3) and alkalinity (column 2) as a function of time since the start of the experiment. On the other hand, by applying Eqs (5) and (6), the influence of DO production (as DO accumulated, column 5) and NH 3 stripping (column 4) on alkalinity (column 6) and acidity (column 8) was calculated. It can be noted that the calculated alkalinity change in column 6 is very near the observed value (column 7, calculated from column 2), whence it is concluded that NH 3 stripping was responsible for the alkalinity change. However, the experimental acidity change (column 9) is greater than the acidity change attributable to DO production and NH 3 stripping (column 7). The difference is due to CO 2 stripping. Column 10 shows the calculated mass of desorbed CO 2 . Similar data are shown in Tables 2b and 2c for depths of 0.60 and 0.80 m respectively. The experimental data show that CO 2 desorption was measurable but had a limited influence on the total acidity change and only occurred during the initial period of the experiments, when pH was low and acidity high (i.e. when the CO 2 concentration was high). As the acidity decreased, so did the rate of desorption and at pH 7.8-8 it became negligible. The data also indicate that the volumetric CO 2 desorption rate is larger as the pond becomes shallower, but under comparable conditions the surface desorption rate is not a function of depth.
The data in Table 2 show that the changes of alkalinity and acidity attributed to the removal of CO 2 and NH 3 form the liquid phase in polishing ponds and hence changes in pH can be predicted on the basis of the extent to which these processes occur. In similar experiments it was shown that, only if the conditions were suitable for an increase of pH of more than pH = 9.5, was there a tendency for CaCO 3 precipitation. In these experiments the calcium ion concentration was about 1 mmol/L.
The experimental data show that pH changes in polishing ponds are attributable to physical and biological CO 2 consumption and ammonia stripping. The rate of change depends on the rate of these processes and especially on the biological CO 2 consumption rate, since this is the most important process to effect pH increase. Conversely, the rate of oxygen production in ponds (equal to the rate of CO 2 consumption) can be used to estimate the extent of pH increase, if the extent of ammonia desorption is known. In Table 3 the measured rates of oxygen production and consequential acidity decreases are shown for different depths. Now the time required to obtain any particular pH increase can be calculated as the ratio between the desired acidity increase and the rate of acidity consumption by CO 2 consumption. For example, in Figure 1 , if it is assumed that the ionic equilibrium point of digested sewage is characterised by Alk i = 6 meq/L and pH i = 7.0, then the initial acidity can be read off as: Ac í = 8.5 meq/L. If the ammonia concentration lost to the atmosphere is 2.5 meq/L (35 mg N/L) the final alkalinity is 6 -2.5 = 3.5 meq/L (it is assumed that CaCO 3 does not precipitate). If a final pH of 9.6 is required (for example for P removal) the final acidity can be read off as 2.5 meq/L, so that a total acidity decrease of 8.5 -2.5 = 6 meq/L must be effected. If it is further assumed that through desorption of CO 2 (until pH = 8.0) there is a loss of 0.5 meq/L of acidity, the required acidity consumption due to biological CO 2 consumption can be calculated as:
Once it has been established how much acidity must be eliminated, the required time can be calculated from the rate of biological acidity consumption which in turn can be determined from the oxygen production rate (Eq. (6)). The example in Table 3 shows that time required for the desired pH increase is relatively short (7 d) for the pond of 0.40 m depth, but quite long for deeper ponds (53 days for the pond with a 0.80 m depth). On the basis of the example in Figure 1 and Table 3 it can be seen that a considerable increase of pH (which is a prerequisite for nutrient removal) can only be effected if: (1) the organic load is low (low CO 2 production rate), (2) the climate conditions for biological acidity consumption (temperature, sunshine) are favourable and, (3) the pond is shallow. In addition to these factors the sewage characteristics also influence pH change: the buffer capacity of the water (a measure of pH stability) is proportional to the alkalinity, so that a low initial alkalinity and/or a high ammonium concentration (desorption decreases the alkalinity) favours a high rate of pH increase. Under favourable conditions the depth can be used as a design parameter which decides whether or not pH increase and nutrient removal in the pond are going to take place.
Conclusions
1. pH in polishing ponds tends to change as a consequence of biological and physical carbon dioxide removal and ammonium stripping. 2. Only CO 2 removal leads to an increase of pH but under favourable conditions (low organic load, sunshine and high temperature) biological CO 2 removal is sufficient to raise the pH to values in the range of 9-10, especially in shallow ponds. 3. The magnitude of pH changes can be predicted if the extent of the processes affecting it is known, by using simple rules of stoichiometry. 4. CO 2 desorption plays a relatively small role for CO 2 removal in polishing ponds; biological removal is much more important. 5. The time required to effect a particular increase of pH depends mainly on the rate of biological CO 2 removal (which is determined to a large extent by concentration of organic material, temperature, duration and intensity of sunshine and depth of the pond ) and composition of the digested sewage: alkalinity, pH and ammonium concentration.
